The leaching behavior of arsenic (As) in coal fly ash collected from two different types of coal fired power plants (unit 1 and unit 2: 600 MWe) has been investigated to understand their behavior during combustion and effect of different boiler types on arsenic leachability. To determine dominant factors on arsenic leaching from coal fly ash, the change of arsenic chemical during coal combustion was predicted from the perspective of thermodynamic equilibrium and leaching test under alkaline condition. It found that, arsenic leaching fractions in unit 1 were higher than that of unit 2, it is associated with the amount of reactive CaO (calcium oxide) containing in coal fly ash from unit 1 was lower than that from unit 2. As 2 O 3(gas) formed in the boiler reacts with CaO in the fly ash to form calcium arsenate Ca 3 (AsO 4 ) 2 which is thermodynamically stable calcium-arsenic compound. Hence the coal fly ash from unit 2 having higher CaO/Ash ratios generates more Ca 3 (AsO 4 ) 2 and has lower As leaching fraction than that from unit 1. CaO/Ash ratios were a promising index to reduce arsenic leachability from fly ash.
Introduction
The major importance of coal combustion to generate electricity is one of the major sources of environmental pollution due to the discharge of coal combustion products into the environment. After burning in boiler, trace elements in coal such as As, B, Cr, Sb and Se condensed on the surface of the fly ash and formed new stable compounds [1] . Approximately 41% of the production of fly ash worldwide was further utilized for various applications including substitute material for Portland cement, structural fills (usually for road construction), soil stabilization, mineral filler in asphaltic concrete, and mine reclamation, and the rest were disposed in landfills [2] . This disposal involves the interaction of the fly-ash particles with weathering and hydrological processes, where due to the rainfall, trace elements that contained in fly ash will be eluted and contaminate the environment. The leaching of As is likely to occur because those elements tend to form Corresponding author: Shinji Kambara, Ph.D., professor of material chemistry, research fields: pulverized coal, trace elements.
hydrophilic oxides to be dissolved as oxyanion forms [3] .
Among the trace elements in fly ashes, arsenic, boron, cadmium, chromium, lead, mercury and selenium are of the greatest concern as environmental hazards [4] . Arsenic, one of the most highly toxic chemicals, is a semi-metallic element commonly found as arsenite and in arsenate compounds. It is an odorless, tasteless, and notoriously poisonous metalloid with many allotropic forms that is dangerous for the environment [5] .
The mode of occurrence of arsenic in a raw coal has been summarized in some review papers [5] [6] [7] . In general, the majority of As in a coal exists as pyritic, organic and arsenate. Arsenic partitioning is dependent on many factors such as the initial concentration of As in a coal; combustion conditions and ash properties, in which these properties depend on the physical and chemical properties of the coal source, the coal particle size, the burning process, and the type of ash collector [5] [6] [7] [8] . Arsenic in raw coal was released as vapor at high temperature during D DAVID PUBLISHING combustion, and generated gaseous arsenic oxide reacted with calcium oxide on fly ash. Consequently, Ca 3 (AsO 4 ) 2 is formed on fly ash surface, which is the most thermodynamically stable calcium-arsenic compound under conditions of coal fired boilers [9, 10] .
In Japanese coal-fired power plant sites, the ash storage area usually holds seawater and rainwater (excess water); therefore, arsenic and some elements in fly ash are leached out into the excess water [11] . If the arsenic concentration in the excess water exceeds the environmental limit (0.1 mg· L
−1
The leachability of arsenic is closely related to the phases with which it is associated, as well as to the pH and other aspects of the leaching environment.
Association with soluble phases will cause arsenic to be leached at much higher rates. When fly ash interacts with water, the principal processes affecting the leaching process are dissolution of primary solids and precipitation of secondary solids, as well as redox, sorption and hydrolysis reactions.
The amount of arsenic released from fly ash into solution, and the rates of release, depend on three factors [12] : the total concentration of arsenic in the solid phases, the distribution of arsenic in the fly ash particles, and any incorporation of the elements into secondary solids. The alkaline-earth elements present on particle surfaces will be initially dissolved rapidly and pass into solution, but later, with increasing pH and element concentration, may re-precipitate to form secondary solids that are more stable during fly ash-water interaction [13] .
in Japan), the excess water cannot be drained into the sea. This situation is serious, because ash storage must be discontinued. Given these concerns, it is important to find leachability of arsenic from fly ashes for various coal types.
Although many works have been conducted on the behavior of As in coal combustion [5-7, 9, 10, 12-17] , but it is still far from complete with respect to the mechanisms of the partitioning of As during combustion and leaching from fly ash. In particular the effect of CaO/Ash content on the leaching characteristics of arsenic in fly ash from pulverized coal combustion needs to be further clarified.
The purpose of this present study is to investigate the leachability of arsenic for various coal fly ashes collected from two different types of coal fired power plants (unit 1 and unit 2: 600 MWe). Emphasis was placed on the effect of calcium and boiler types on arsenic leachability.
Experimental Setup

Description of Coal Fired Power Plants and Properties of Coal and Fly Ash
Six fly ash samples were carefully collected from each coal fired power plant (unit 1 and unit 2: 600 MWe). Fly ash F and G, and fly ash H and I came from the same coal between units 1 and 2 of coal fired power plants. Table 1 lists coal properties and ash composition. Fig. 1 depicts the process flow of the plants, ash collection locations, and typical gas temperatures between the boiler exit and the low temperature ESP (electrostatic precipitator). Each unit (boiler) is connected to a three-field ESP (chamber #1, #2, and #3) whose removal efficiency is approximately
The difference between unit 1 and unit 2 is placed on the availability of DeNOx (SCR) system technology and only in unit 2 has a DeNOx (SCR) system. While, for controlling DeNOx in unit 1, low combustion temperature is applied in order to inhibit the formation of thermal NOx. In another words, it could be said that the temperature of boiler in unit 1 is lower than that in unit 2.
Characterization of Sample
Major elemental compositions of ash were quantified using sequential X-ray fluorescence spectrometer (XRF-1800, Shimadzu). 85% in chamber 1, 10% in chamber 2 and 5% in chamber 3. To prevent contamination of samples, after enough time from coal switching, the ash sampling was began at each chamber (#1, #2, and #3) of ESP. The concentration of arsenic in fly ash was analyzed using HGICP-AES (hydride generation-inductively coupled plasma-atomic emission spectrometry) with the assistance of acid digestion. Sample digestion was carried out in a microwave oven (MDS 2000) fitted with an exhaust unit and a microprocessor to control the power and thermal program. Briefly, about 0.1 g ash sample was weighted and moved into PTFE (polytetrafluoroethylene) bottle. An acid mixture capable of completely digesting ash sample was 2 mL of HNO 3 65%, 4 mL of HF 50% and 5 mL of saturated H 3 BO 3 The concentration of arsenic in raw coal was analyzed using HGICP-AES with the assistance of wet destruction procedures using several concentrated acids. Prior to analysis coal sample was first grinded, about 0.5 g raw coal sample was weighted and moved into Erlenmeyer, involve heating (200 ºC), cooling and filtering procedures. Concentrated acids which were used were HNO . Boric acid was added after dissolution to neutralize the corrosive hydrofluoric. After cooling, the residue was dissolved and diluted to 50 mL using HCl 10% and KI 20%. 3 60%, H 2 SO 4 60%, HCl 10%, HF 30 %, and another reagents which were used were KMnO 4 2.5 % and FeCl 3 5%.
Speciation of Ca in fly ash samples was quantified using X-Ray Photoelectron Spectroscopy (XPS, To simulate pH of the excess water, a buffer solution adjusted pH = 10 was prepared as a leaching solvent. In brief, the ash sample of 1 g was mixed with ULVAC-PHI Quantera SXM-GS). the leaching solvent (10 mL) and the slurry was shaken (200 rpm) for 30 minutes at room temperature. Filtration was performed to separate the fly ash using a filter (Advantec No. 2). The concentration of arsenic in filtrate was measured by HGICP-AES.
Leaching Tests
Thermodynamic Equilibrium Calculation
To predict the change of arsenic chemical form during coal combustion theoretically, the thermodynamic equilibrium software, FactSage 6.0, was employed. In the equilibrium calculation, the properties data of raw coal as shown in Table 1 including the main component of coal, ash component as well as trace element content (arsenic) were converted to moles and the initial temperature of 25 °C, the pressure of 1 atmosphere were set on FactSage 6.0 as calculation input. The equilibrium calculation for the cooling process of coal combustion was carried out in the temperature range of 1,600 °C to 100 °C.
Experimental Results
Arsenic Partitioning
In coal combustion systems, the partitioning of arsenic between the vapor and solid phases is determined by the interaction of arsenic vapors with fly ash compounds under post-combustion conditions. Previous studies showed that trace elements can be classified into three broad groups according to their partitioning during coal combustion [15] , arsenic has been classified as Group II elements which are not incorporated into the bottom ash but vaporized during combustion and chemically condensed onto particle surfaces in the flue gas stream during cooling process [16] .
To compare arsenic partitioning in the units 1 and 2, relation between modified arsenic concentration in the raw coals, 
Arsenic Leaching
According to the above results, all of arsenic present in raw coals for units 1 and 2 are distributed to fly ash, hence clarifying the leaching characteristics of arsenic in fly ash is important.
To clarify the leaching characteristics of arsenic, the leaching test was conducted. Fig. 3 shows the leaching fraction of arsenic, L As , in the fly ash was collected from two coal fired power plants (unit 1 and unit 2).
The leaching fraction refers to the mass of arsenic in leachate to its mass in fly ash in percent. Clearly, the L As in the fly ash from combustion of coal in unit 1, range of 3-30%, is much higher than that coal in unit 2, range of 2-8%. Particularly, for the fly ash F and G, which derived from the same coal between units 1 and 2 of coal fired power plants, has different L As value. in fly ash F (21%) is quite higher than that in fly ash G (7%), indicating that the leaching of arsenic from fly ash is affected by boiler types.
Dominant Factors on Arsenic Leaching
To understand the dominant factor on arsenic leaching, the possible form of arsenic functional form . Based on the above result, it is clear that calcium content has a significant effect on arsenic transformation. To better know the main species of calcium in both units, speciation of calcium in fly ash samples was investigated. Chemical form of calcium was identified in fly ash F, G, H, I using X-Ray Photoelectron Spectroscopy (XPS, ULVAC-PHI Quantera SXM-GS). Those four fly ash samples were chosen to be identified by reason that they came from the same coal between units 1 and 2 of coal fired power plants. As shown in Figs. 5 and 6 , the main species of calcium are CaCO 3 , followed by small amount of CaSO 4 .
As can be seen in Figs. 5-7, fly ash F and H from unit 1 has higher amount of CaSO 4 than that of fly ash G and I from unit 2. High amount of CaSO 4 can be considered as reducing the amount of Ca 3 (AsO 4 ) 2 as the main chemical species of arsenic in the fly ash, and in turn can be considered resulting more arsenic leaching.
The possible explanation for sulfation and arsenate reaction of the above result is CaO derived from the decomposition of CaCO 3 during coal combustion, as shown in Eq. (1) [18] reacts with SO 2 through Eq. (2) to form CaSO 4 [18, 19] and with arsenic vapor through Eq. (3) to form . Ca 3 (AsO 4 ) 2 [19] . CaCO 3 →CaO+CO 2 (Decomposition) (1) CaO+SO 2 +½O 2 →CaSO 4 (Sulfation) (2) 3CaO+As 2 O 3 +O 2 →Ca 3 (AsO 4 )
As reported by Wang et al. [18] , the value of calcium conversion (η) of CaCO 2 (Arsenate reaction)
3 to the sulfation of CaSO 4 is affected by temperature in air combustion, where the value of η is higher at lower temperature (500-1,100) ºC and lower at higher temperature (1,200 ºC). This is relevant with the experimental results as shown in Figs. 5-7 that the amount of sulfation products (CaSO 4 ) is higher for fly ash F and H which derived from low combustion temperature (unit 1) than that of fly ash G and I which derived from high combustion temperature (unit 2).
As also shown in Figs. 5 and 6, another information that we may point out here seems that the fly ashes (G and I) produced from a boiler (unit 2) applying DeNOx (SCR) system which has high combustion temperature contain more volatile calcium (CaCO 3 ) than that in the fly ashes (F and H) produced from a boiler (unit 1) without applying DeNOx system which has low combustion temperature. In turn, that calcium (CaCO 3 ) will decompose to CaO and react with arsenic trioxide (As 2 O 3 ) to form stable compound of Ca 3 (AsO 4 ) 2 . Hence, fly ash G and I from unit 2 (shown in Figs. 5 and 6 ), have high content of CaCO 3 , decomposed and derived higher CaO than F and H from unit 1 (Figs. 5 and 6 ), lead to forming more Ca 3 (AsO 4 ) 2 To further clarify the effect of boiler types (units 1 and 2), variation in L , and in turn can be considered resulting lower arsenic leaching.
Effects of Boiler Types on Arsenic Leaching
We can explain the effect of boiler types on arsenic leaching from the above discussion.
As for all fly ash samples and CaO content in raw coal as a function of CaO/Ash × 100, where CaO is ash composition in the raw coal, was investigated. As shown in Fig. 8 , L As in fly ash decreased with the increase of CaO/Ash ratios. L As increased under the CaO/Ash of 50 in both units. CaO/Ash × 100 of fly ash F and G is same, 6.28, which shows that both fly ashes which derived from the same coal between units 1 and 2 of coal fired power plants have high L As value. However, L As of fly ash F (21%) from unit 1 is much higher than that in fly ash G (7%) from unit 2. This trend can be explained by the difference of CaO content in fly ash between units 1 and 2. To confirm such a hypothesis, CaO content in fly ash was also determined. As shown in Fig. 9 , CaO content in fly ash F from unit 1 was lower than that in fly ash G from unit 2; therefore CaO/Ash ratio of the unit 1 was lower than that of unit 2 as shown in Fig. 8 . It is supposed that high L As Ca 3 (AsO 4 ) 2 CaO is the most important factor both in arsenic vapor capture during coal combustion from pulverized coal fired power plants and prevention of its leaching from fly ash. Through controlling CaO/Ash ratio can efficiently inhibit the leaching of arsenic [17, 20, 21] .
Conclusions
, and thus reduces the leaching of arsenic. This observation clearly indicates that CaO in coal and fly ash is favorable for reducing the leachability of arsenic. It is also relevant with the previous investigation by Jiao F. et al. [20] and Hartuti S. et al. [17, 21] .
The leaching characteristics of arsenic from fly ashes were examined to be clear effects of the (1) Arsenic partitioning in the unit 1 and unit 2 represented the same behavior. Arsenic vaporized during combustion and chemically condensed onto particle surfaces in the flue gas stream during cooling process.
(2) Most arsenic in the raw coal associated with the fly ash for various coal types. However, leaching of arsenic was different for each boiler types. It seems that the fly ashes produced from a boiler of unit 2 which has high combustion temperature contain more volatile calcium (CaCO 3 ) than that in the fly ashes produced from a boiler of unit 1 which has low combustion temperature. In turn, that calcium (CaCO 3 ) will decompose to CaO and react with arsenic trioxide ( 
